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Drawing inspiration 
from the structure of 
shark skin, the authors 
are building a system 
to reduce drag along a 
surface. 
n today’s cost-conscious air transporta- 
tion industry, fuel costs are a substantial I economic concern. Drag reduction is an 
important way to increase fuel efficiency and 
reduce these costs. Even a 5% reduction in 
drag translates into estimated savings of mil- 
lions of dollars in annual fuel costs. 
Organized structures that play an impor- 
tant role in turbulence transport may cause 
large skin friction drag. Commonly observed 
near-wall streamwise vortices cause high drag 
in turbulent flows (Figure 1, next page). The 
interaction of these vortices, which appear 
randomly in both space and time, with the 
viscous layer near a surface creates regions 
of high surface shear stress. This stress, when 
integrated over a surface, contributes to the 
total drag. 
Previous attempts to reduce drag by con- 
trolling turbulent flows focused on ways to 
prevent the formation or limit the strength 
of these vortices. However, the microscop- 
ic size of these vortices, which decreases as 
the Reynolds number of the flow increases, 
has limited physical experimentation. 
Further limiting analytical approaches is the 
inherent complexity of the nonlinear Navier- 
Stokes equations. 
Can biology tell us something? 
In many complex problems, we often find 
inspiration by observing how nature has 
evolved biological systems. For drag reduc- 
tion, deep-sea sharks serve as potential bio- 
logical models because they are highly 
evolved predators with a 3 50-million-year 
lineage. Deep-sea sharks (for example, ham- 
merheads) swim as fast as 20 meters per sec- 
ond (72 kilometers per hour) in deep water. 
The exact physiology of these species 
remains a mystery because they are difficult 
to study: Replicating the deep-sea setting in 
a controlled environment is difficult. 
Biologists know, however, something 
about the scales (dermal denticles) that cover 
the shark’s skin. Only recently, researchers’ 
found that a denticle has a microscopic struc- 
ture (Figure 2). The natural argument about 
evolution would lead one to conclude that 
the scales’ structure assists a shark’s move- 
ment, perhaps indicating some method of 
drag reduction. 
The entire question of active control of 
shark skin is speculative. Biologists hypoth- 
esize2 that sharks actively move their denti- 
cles. Indirect evidence of this is twofold. The 
denticles connect to muscles underneath the 
shark’s skin. The total number of mechano- 
receptive pressure sensors (pit organs) and 
their placement on a sharks body positively 
correlate with the speed of the species. For 
good active control, the shark may need 
many sensors to relay the current condition 
over its body. Although questions remain 
about sharks using active control, we con- 
cluded from this biological example that it 
may be beneficial to use controlled micro- 
scopic structures to reduce drag. 
How small is small? 
By examining drag patterns in a wind tun- 
nel at velocities between 10 and 20 m/s  (36 
and 7 2  kndhr), we narrowed the scope of the 
problem to extract usable statistics. The drag- 
inducing vortex pair streaks vary as the 
Reynolds number of the flow changes. A typ- 
ical airflow of 1 j m/s  (54 km/hr) in the wind 
tunnel achieves a Reynolds number of about 
lo4. This, in turn, gives the vortex streaks a 
statistical mean width of about 1 millimeter. 
The length of a typical vortex streak can be 
about 2 centimeters for a 20-to-1 aspect ratio. 
The average spacing between streaks is about 
2. j millimeters, and the mean rate of appear- 
ance of the streaks is approximately 100 Hz. 
A chaotic process best describes the appear- 
ance and disappearance of these vortex pairs. 
Numerical simulations demonstrated that 
suppressing the interaction between stream- 
wise vortices and the wall3 achieves signifi- 
cant drag reduction (about 25%). These 
experiments in computational fluid dynam- 
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Figure 1. Diagram of the  interaction between a vortex 
pair and the  wall  showing the high shear stress (hence 
drag) region created by the  pair of counterrotating 
streamwise vortices. 
Figure 2. Examples of Carcharhinus falciformis shark 
scales. (White bar = 25 pm.) (Courtesy of Australian J. 
Marine and Freshwater Research, 1992.) 
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Figure 3. Simple control law tha t  demonstrates the  re- 
quired actuation at  the wall  boundary achieves a signifi- 
cant drag reduction. 
~ ~~ 
L control circuitry 
Figure 4. Simplified diagram of the hardware system. 
ics incorporated active feedback control to achieve this goal 
Our expenmental control scheme involved b l o m g  and suc 
tion at the wall according to the normal component of the 
velocity field. This normal component (at a small distance from 
the surface in a parallel plane aty’ = 10) is sensed in the near- 
wall region away from the surface (see Figure 3). Apparently, 
a simple control law that pushes the areas of high shear stress 
away from the wall helps minimize the overall drag. This obser- 
vation formed the basis for the system we wanted to build. 
System details 
We wanted to combine the technologies of silicon micro- 
machining and analog VLSI to build an integrated system 
that actively strives to reduce surface drag We used micro- 
machining technology to construct fluid sensors and actua- 
tors on the same scale as the vortex pairs To build the dense 
circuits required to process signals in real time for an inte- 
grated system, we used analog VLSI technology 
Our system (Figure 4) incorporates VLSI control circuitry 
along with microscopic sensors and actuators that can active 
ly deform a surface to reduce drag Figure 4 shows the phys- 
ical layout of our system-both sensors and actuators cover 
the surface controlled by circuitry underneath 
Circuits process the signals from the sensors to find regions 
of high shear stress This detection process uses information 
about the spatial and temporal nature of the streaks First, 
the long and narrow aspect ratio leads to building “column”- 
oriented templates for streak detection We organized the 
sensor outputs into thin feature detectors oriented in the 
direction of the airflow When several sensors in a column 
(or channel) register either a larger or smaller output than 
their neighbors in a spanwise direction, this difference accu- 
mulates If this accumulated difference exceeds a threshold, 
a vortex pair streak may be present in that column The 
appropriate control action raises the associated actuator 
Micromachined components. We used silicon micro- 
machining technology for the microsensors and micro 
actuators 
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Figure 5. Shear stress sensor showing polysilicon wire over 
a diaphragm. 
Shear stress sensor. The microsensor (Figure 5 )  measures 
the heat transfer between a heated wire and the air. Heat 
transfers by convection from the electrically heated wire to 
the fluid flow, causing a power change in the polysilicon 
wire. The polysilicon wire sits on a 200-pm-square, 1.2-ym- 
thick silicon nitride diaphragm over a vacuum cavity. The 
2.0-ym-deep vacuum cavity minimizes thermal losses to the 
substrate. 
A discrete constant temperature circuit (Figure 6) controls 
the shear stress sensor. This circuit 
maintains a constant temperature on 
the heated wire by balancing a 
bridge. The amplified voltage feed- 
back signal is the output; the overall 
circuit gain is about 20. 
We built the sensors as one row of 
25 sensors (Figure 7). This lets us 
monitor a spanwise section of the 
wind tunnel. Five sensor outputs (in 
the middle of the figure) provide 
inputs to the detection-control chip. 
Because we have many fewer actu- 
ators than sensors, we did not need 
to use more sensors in the detection 
experiments. 
Mzcroactuator. This device' (Figure 
8) is a thin plate raised via magnetic 
actuation. Current moving through a 
metal coil in the external magnetic 
field is enough to cause up to a 100- 
pm deflection. However, the microac- 
tuators suffer from the lack of a high 
mechanical bandwidth. In theory, the 
resonant frequency of the actuator is 
about 1 kHz; however, at the present 
time only a 100-Hz bandwidth can be 
demonstrated physically. 
I 
-V 
Out 
Figure 6. Constant temperature circuit for the shear stress 
sensor. 
Circuits. Figure 9's diagram (next page) shows the infor- 
mation flows in the detection-control chip. A nonlinear filter- 
ing network connects the amplified outputs of the shear stress 
sensors. The filtering preserves large differences between adja- 
cent sensors while smoothing away small differences. The com- 
parison and aggregation operations correspond by columns to 
different actuators. Once the aggregated signal exceeds a 
threshold, the system drives the actuator. 
Figure 10 depicts a detailed schematic of one column. The 
output sensor signal of the constant temperature circuit feeds 
into a further stage of amplification (Figure 11). A buffer 
(Figure 12) distributes the amplified signal to a nonlinear 
resistive network composed of H, circuits* (Figure 13). 
Sensor outputs in the same column and sensor outputs in 
adjacent columns use different spatial-filtering constants. The 
different constants serve to reinforce activity within a col- 
Figure 7. Array of 25 shear stress sensors, which spans a distance of 7.5 mm. 
Figure 8. Photograph of a microactuator (a) and an array of microactuators (b). 
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Figure 9. Block diagram o f  the complete detection-control chip. Figure IO. Schematic o f  one column (channel) 
o f  the  detection-control circuitry. 
Figure 11. First-stage amplifier. 
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Figure 13. Nonlinear resistor (HRJ. 
umn and discourage activity between adjacent columns. 
The filtered signals feed to a symmetric antibump circuit9 
(Figure 14). The circuit’s operation mimics a soft comparator 
with an adjustable dead zone. The circuit indicates when a 
particular column registers a large shear stress value but the 
neighboring columns do not. The current output of the 
antibump circuit accumulates for a particular column, and the 
circuit shown in Figure 15 compares it to a threshold. If the 
accumulated value exceeds the threshold, the circuit turns on 
Figure 12. Rail-to-rail buffer amplifier. 
a pull-down transistor to trigger the actuator 
We used the 2 0-pm CMOS process (that is, Orbit 
Semiconductor N-well) available through MOSIS to fabricate 
the detection-control chip shown in Figure 16 
System testing 
We used several different experiments to test various sys- 
tem components. First, signal generators presented synthetic 
signals to the detection-control chip to validate output. Second, 
mechanical actuators generated known disturbances to verfy 
the response of the system operating in the wind tunnel’s lam- 
inar regime. Third, the system interacted with a fully turbulent 
channel flow in the wind tunnel to observe system response. 
Results. The overall delay of the processing system is about 
40 ps. The amplifier (Figure 11) has a gain-bandwidth product 
of approximately 500 kHz with the transistors operating in the 
subthreshold region. The buffer (Figure 12) has a full-power, 
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Figure 14. Symmetric antibump circuit. 
Figure 16. Plot o f  the  detection-control chip. 
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Figure 18. A microactuator's effect on an artificially gener- 
ated vortex in a laminar flow. The average shear stress on 
the  right-hand plot is approximately 10% less than that  
on  the  left-hand, no-actuation plot. Each side shows the  
exact setup used t o  generate the  image above it. 
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Figure 15. Threshold comparator circuit. 
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Figure 17. Laminar f l o w  perturbation experiment tha t  
demonstrates the  ability of the  sensor plus electronics to 
detect disturbances in t h e  laminar flow caused by a peri- 
odic actuation. 
100-kHz bandwidth. We set the HREs bias to 0.5 V, which cor- 
responds to minimal spreading. We also set the antibump cir- 
cuit bias for a 160-mv dead zone. The delay of the circuits in 
Figure 14 and Figure 15 accounts for the remainder of the time 
delay. The actuator driver can sink about 30 mA at a 1-V drop. 
Sample test of system in laminar flow. This experiment 
consisted of generating a periodic disturbance in a laminar 
flow to check the response of the signal processing and the 
actuator movement. We used a macro-size actuator driven 
by a signal generator to create the disturbance. The pertur- 
bation frequency is about 7 Hz, which is reasonable for 
microactuator response. Figure 17 shows this experiment. 
Another experiment ensured that the microactuators can, in 
fact, reduce drag. We conducted this experiment (depicted in 
Figure 18) in the laminar-flow regime with an artificially gen- 
erated vortex pair. Using a periodic driving signal on the actu- 
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Figure 19. Graph of the output waveforms o f  one shear 
stress sensor (a) and the corresponding channel f rom the  
detection-control chip (b). We recorded the data in  a fully 
developed turbulent f low. 
ators, we measured about a 10% reduction in the average shear 
stress. This result, however, does not include the considera- 
tion of form drag, which would reduce the effectiveness. 
Turbulent drag performance. We designed this system 
to reduce the fully turbulent drag in our experimental setups 
and presented it with a fully turbulent airflow profile. The 
centerline velocity of our wind-tunnel channel varies 
between 10 and 20 m/s (36 and 72 km/hr). Figure 19 graphs 
the single-column system response. 
Figure 20 shows an image of the full field of 25 sensors and 
the partial five-sensor field used to generate the detection- 
control output. Figure 21 plots the input-output relationship 
between wall shear stress and the actuator activation signal. 
Note that all large shear stress measurements have triggered 
actuator responses. 
In this experiment, the microactuators do not yet have the 
mechanical frequency response to follow the actuation sig- 
nals. Thus, we can only roughly estimate the drag reduction 
that our system provides. We recorded both the outputs of 
the shear stress sensors and those of the detection-control 
chip. From our data, we estimated the drag reduction at 
approximately 2.5%, assuming that the microactuators are 
about 75% effective in mitigating the high shear stress. 
O U R  ANALOG VLSI system interfaces with microfabri- 
cated, constant-temperature shear stress sensors. It detects 
regions of high shear stress and outputs a control signal to 
Figure 20. Two-dimensional f l o w  image of instantaneous 
shear stress. From lef t  t o  right, we  plotted the  fu l l  span 
(25-sensor) recording, an enlargement o f  the middle 
three sensors, and finally, the output o f  the  detection- 
control chip corresponding to  those three inputs. We 
recorded the data in  a turbulent f l o w  regime w i th  a 10- 
m/s free-stream velocity and obtained the 2D aspect o f  
the  plots by t ime sampling a ID span. 
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2 5  
Figure 21. Transfer curve fo r  three channels o f  the  detec- 
tion-control chip w i th  the data recorded at a 15 m/s flow. 
The data indicates tha t  fo r  large values o f  shear stress, 
the  detection-control circuitry would, in fact, tu rn  on  an 
actuator. 
activate a microactuator We are in the process of verifying 
the actual drag reduction by controlling microactuators in 
wind tunnel experiments We are encouraged that an 
approach similar to one that biology employs provides a very 
useful contribution to the problem of drag reduction 
Our future goal is to demonstrate actual drag reduction 
with an integrated system Presently, we are developing tech- 
nology necessary to place all sensors, actuators, and control 
circuitry on a single substrate 
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